geochemical signatures suggest that these volcanic rocks were derived from enriched lithospherederived magma followed by the assimilation and fractional crystallization (AFC) process. The generation of the enriched lithospheric mantle is likely related to the modification of sediment-derived fluid in response to the Triassic subduction/collision event in Qinling orogenic belt. The early Cretaceous detachment of the lithospheric root provides a reasonable mechanism for understanding the petrogenesis of the Laozanggou volcanic sequence in the western Qinling orogenic belt.
Introduction
Calc-alkaline andesitic and dacitic volcanic rocks are key carriers for probing the tectonic evolution of convergent plate margins and are crucial rocks for better understanding continental crustal evolution (Boettcher, 1973; Miyashiro, 1974; Gill, 1981; Grove and Kinzler, 1986; Wilson, 1989; Davies and Stevenson, 1992; Poli and Schmidt, 2002; Ernst, 2010; Cawood et al., 2013; Shellnutt et al., 2014) . The formation of subduction-related andesites and dacites is considered to be related to either partial melting of a pyroxenitic mantle or mixing of subducted oceanic crust-and overlying wedgederived magma, with potential crustal contamination en route (e.g., Pearce and Peate, 1995; Kelemen et al., 2003; Rudnick and Gao, 2003; Zellmer et al., 2005; Tatsumi, 2006; Lee et al., 2007; Reubi and Blundy, 2009; Chiaradia et al., 2011; Till et al., 2012) . However, the generation mechanism of the calc-alkaline andesitesedacites in intracontinental settings is still unclear, and thus the origin of early Cretaceous andesitic rocks in the Qinling orogenic belt constitutes the focus of this paper.
The Qinling orogenic belt was formed as a result of the multiphase subduction and continentalecontinental collision between the North China Craton and the South China Block, and is usually subdivided into two parts: the eastern and western Qinling orogenic belts (e.g., Hacker et al., 1998; Jahn et al., 1999; Meng and Zhang, 2000; Zhang et al., 2001; Ayers et al., 2002; Li et al., 2002a; Bryant et al., 2004; Zheng, 2008; Dong et al., 2011a,b) . Final collisional assembly of North and South China occured in late Triassic, at which time the Qinling orogenic belt entered an intracontinental mountain-building regime. Our work, along with other related data (Feng et al., 2003) , documents the volcanicsedimentary sequence of the late Mesozoic continental-facies andesiticedacitic rocks in the Laozanggou area of the western Qinling orogenic belt. This paper presents a set of new whole-rock major oxides and trace elemental data, and the 40 Ar/ 39 Ar and zircon UePb geochronological results for these andesiticedacitic rocks to understand their petrogenesis and source, and to constrain their geodynamic setting.
Geological setting and petrography
The Qinling orogenic belt is a complex evolution extending from the Proterozoic to the Mesozoic ( Fig. 1; e.g., Zhang et al., 1989 Zhang et al., , 1995a Zhang et al., ,b, 1996 Zhang et al., , 2001 ; Meng and Zhang, 2000; Dong et al., 2011b, (Zheng et al., 2009; Dong et al., 2011a) . (b) Schematic map showing major tectonic units for the western Qinling orogenic belt (modified after Feng et al., 2002; Zhang et al., 2006) . (c) Geological map showing the early Cretaceous Laozanggou volcanic sequence. 2016). The Paleozoic and early Mesozoic tectonic patterns of this orogenic belt have been well documented, which are characterized by the early Paleozoic and Triassic subduction and subsequent collision along the Shangdan and A'nyemaqeneMianlue suture zones (e.g., Mattauer et al., 1985; Sengör, 1985; Enkin et al., 1992; Kröner et al., 1993; Li et al., 1993 Li et al., , 1996 Okay and Sengör, 1993; Zhang et al., 1995a Zhang et al., ,b, 1996 Zhang et al., , 2001 Ames et al., 1996; Hacker et al., 1998; Zhai et al., 1998; Meng and Zhang, 2000; Dong et al., 2004 Dong et al., , 2011a Dong et al., ,b, 2016 Dong et al., , 2017 . Triassic collision resulted in fold-and-thrust deformation and felsic magmatism along the Qinling orogenic belt, and corresponds with the final amalgamation of the North China Craton with South China Block (e.g., Zhang et al., 1995a Zhang et al., ,b, 1996 Zhang et al., , 2000 Zhang et al., , 2001 Meng and Zhang, 2000; Feng et al., 2002) . Following the final collision, the Qinling orogenic belt lay in an intracontinental setting (Zhang et al., 2001; .
The Qinling orogenic belt is divided into the eastern and western Qinling orogenic belts by the Fengxian-Taibai strike-slip shear zone and the Huicheng Basin (e.g., Zheng et al., 2009 ). The western Qinling orogenic belt is separated from the Qilian terrane to the north by the Qinghai LakeeWushaneTianshui suture zone, from the East Kunlun orogenic belt to the west by the Wahongshan-Wenquan fault, and from the Songpan-Ganzi terrane to the south by the A'nyemaqen and Mian-Lue suture zones ( Fig. 1a,b; e.g., Feng et al., 2003; Meng et al., 2005; Dong et al., 2011a; Li et al., 2013a,b) . The western Qinling is interpreted to be a micro-continental block that originally split from the North China Craton, and migrated southwards during the Meso-and Neoproterozoic, and then was united with the North China with South China blocks during the Triassic collision (e.g., Meng et al., 2005; Zheng et al., 2009; Dong et al., 2011a) .
In the western Qinling orogenic belt, the oldest exposed crystalline basement is the Qinling Group, which includes Neoarchean gneisses, amphibolites and marble (e.g., Dong et al., 2011a) . The Phanerozoic sedimentary package is subdivided into the lower Paleozoic, upper Paleozoic and the middle Jurassicelower Cretaceous sequences across three regional angular unconformities (e.g., Qinghai Bureau of Geology and Mineral Resources (Qinghai BGMR), 1991; Wu et al., 2014) . The Paleozoic rocks are dominated by shallow-marine sandstone, siltstone, argillaceous slate, shale, limestone and brecciated limestone with the exception of Silurian and Upper Devonian deep-marine siliciclastic rocks. The Triassic sequence is composed of siliciclastic and carbonate deep-marine deposits, which are considered to have accumulated in a continental slope environment . The middle Triassic sequence is characterized by siliciclastic rocks, and is uncomfortably overlain by upper Cretaceous sandstone in the Laozanggou area (Fig. 1c) . The JurassiceCretaceous and Cenozoic red-bed sequences are mainly deposited in alluvial and fluvial environment of intermontane basins (e.g., Zhang et al., 2012; Li et al., 2013a; Wu et al., 2014) .
In the western Qinling orogenic belt, the magmatic activity is characterized by extensive late Triassic intrusive rocks and minor MesozoiceCenozoic volcanic rocks in the Elashan, Langmusi-Caibaoshan, Laozanggou-Duofutun-Hongqiang, and Baiguan-Haoti areas (e.g., Qinghai BGMR, 1991; Yu et al., 2001; Feng et al., 2003) . Our study focuses on the volcanic rocks in the Laozanggou-Duofuntun area, especially on the intermediate to acidic lavas (Fig. 1b, c) . These volcanic rocks are considered to occur in the continental-facies volcanic-sedimentary package of the Duofutun Group, which is composed of sandstone, carbonaceous slate and intermediate-acid volcanic rocks (Li et al., 2013c) . The Laozanggou volcanic sequence has a total thickness of more than 2000 m and is uncomfortably underlain by the Middle Triassic Gulangti Group and overlain by PaleogeneeNeogene red-beds (Fig. 1c) . Its lower segment consists of basalt, pyroxene andesite and andesite, tuff and volcanic breccia, and the upper segment mainly of intermediate to acid lava and volcanic breccia.
The andesitic and dacitic samples in this study are from the middleeupper segment of the Laozanggou volcanic sequence (Fig. 1b, c) . They are little altered apart from minor chloritization and kaolinization of phenocrysts. Their mineral assemblages contain 25%e45% phenocrysts and 40%e60% matrix, with phenocrysts being of 20%e30% plagioclase, 0e15% clinopyroxene and 0e5% biotite and the fine-grained groundmass of plagioclase, clinopyroxene and minor opaque oxides (Fig. 2aed) . Our andesitic samples display a hyalopilitic texture and have subhedral plagioclase (25e35 vol.%) and clinopyroxene (5e12 vol.%) phenocrysts and minor biotite (0e3 vol.%) phenocryst (Fig. 2aec) . Subhedral plagioclase and clinopyroxene can be up to 5 mm and 2 mm in size, respectively. Most plagioclase phenocryst show crossed twinning and several exhibit oscillatory zoning and simple twinning. Hornblende is only present in a few samples. Dacitic samples have from w25 to 45 vol.% subhedral to euhedral plagioclase grains ranging from w2 to 6 mm (Fig. 2d) . The plagioclase grains have cores surrounded by the spongy zones or straight, curved/irregular margins with the matrix. Biotite is present, ranging from nearly fresh to oxidize (opacitized). Groundmass is glassy and contains microlites of plagioclase and FeeTi oxides. Yuan et al. (2004) . Eleven samples were crushed into 200-mesh using an agate mill for major oxide, trace elemental and SreNd isotopic analyses at the GIG, CAS, China. The major oxides were analyzed by a wavelength Xray fluorescence spectrometry with relative standard derivations of <5%. The procedures details were described by Li et al. (2005) . The trace element analyses were performed on a PerkineElmer Sciex ELAN 6000 ICP-MS, following the procedures described by Li et al. (2002b) . The Sr and Nd isotopic ratios were measured using a mass-spectrometer. The sample preparation and chemical separation are similar to those described by Wei et al. (2002) and Liang et al. (2003) 
Analytical methods

Results
AreAr dating and zircon UePb geochronological results
Three representative andesitic samples were selected for 40 Ar/
39
Ar dating with their sampling locations and analytical results given in Fig. 1 Ar released at five successive temperature steps (Fig. 3a) . Wholerock sample TR-50 gives 40 Ar/ 39 Ar apparent ages of 127.3e133.3 Ma from the third to tenth heating steps, yielding a whole rock plateau age of 129.3 AE 1.6 Ma defined by 93% released gas (Fig. 3b) . Wholerock sample TR-53 defines a plateau age of 129.7 AE 0.6 Ma with 93% released gas at successive eight heating-steps (Fig. 3c ), similar to TR-30 and TR-50. Sample TR-53 is additionally selected for laser zircon UePb dating and the measured results are listed in Table 2 and shown in Fig. 4 . The zircons are light brown or brown, prismatic and transparent to subtransparent in morphology, mostly euhedral and up to 100e300 mm in length with w2:1e4:1 of length/width ratio.
These zircons show well-developed oscillatory zoning in Fig. 4a 
Elemental and SreNd isotopic geochemistry
The analytical results for major oxides, trace elements and SreNd isotopic composition of the representative samples are listed in Table 3 (Table 3 and Fig. 5a ). On the TAS diagram (Fig. 5b) (Fig. 6aeg ) but increasing Na 2 O (Fig. 6h) . SiO 2 is positively correlated with Nb, La and Th, and negatively correlated with Sr (Fig. 7aed) .
These volcanic samples show similar chondrite-normalized rare earth element (REE) patterns (Fig. 8a) , characterized by strong enrichment in light rare earth elements (LREE), with (La/Yb) N of 7.05e17.85 and negative Eu anomalies (Eu * /Eu ¼ 0.64e0.82). Heavy rare earth element (HREE)-patterns are generally flat with (Gd/Yb) N ratios ranging from 1.55 to 2.38. Primitive mantle-normalized multi-elemental spidergrams are characterized by marked enrichment in LILE, depletion in Nb, Ta, P and Ti and insignificant ZreHf negative anomalies, with additional negative Ba anomalies (Fig. 8b) . Initial Sr and Nd isotopic composition for six representative samples were back-calculated to the eruption age of w130 Ma. Fig. 9a ; Li et al., 2013a) .
Discussion
Magma process
The high loss on ignition (LOI) of 2.06e5.77 wt.% suggests that these volcanic rocks might have been subjected to a small degree of low-temperature alteration . However, there is poor correlation of LOI with Rb, Sr, Zr, Nb contents and SreNd isotopic composition (not shown). Such characteristics, along with the similar REE-and PM-normalized patterns (Fig. 8) , suggest minimal low-temperature alteration.
Our samples defined the significant correlation of SiO 2 with other major oxides and trace elements (Figs. 6 and 7) , reflective of significant fractional crystallization during magma evolution. Increasing SiO 2 and decreasing Cr and Ni with decreasing MgO (Figs. 6a and 7eef ) indicate significant fractionation crystallization of olivine and clinopyroxene (e.g., Wang et al., 2006; Xie et al., 2007) . Clinopyroxene fractionation is further supported by the negative correlation of SiO 2 with CaO and CaO/Al 2 O 3 ( Fig. 6c and g ). Their high Al 2 O 3 (15.73e19.09 wt.%) and Sr (123e286 ppm) contents, along with weak Sr and Eu negative anomalies (Fig. 8a,b) , reflect minor plagioclase fractionation. The negative correlation between SiO 2 and TiO 2 (Fig. 6f) and depletion in Ti shown in Fig. 8b might be related to the TieFe-oxides fractionation, but the apatite fractionation might be insignificant due to the relatively constant P 2 O 5 contents irrespective of SiO 2 (Fig. 6e) . However, the fractional crystallization of these minerals (e.g., olivine and clinopyroxene) cannot explain the variations of the incompatible element and SreNd isotopic ratios. Such characteristics suggest the involvement of crustal components either in magma source or by crustal assimilation en route (e.g., DePaolo, 1981). Sr) i and low 3 Nd (t) values, suggestive of the involvement of crustal components. Their 3 Nd (t) values and Nb/La ratios decrease with increasing SiO 2 contents, indicating the processes of crustal assimilation or assimilated fractional crystallization during magma ascend (Fig. 10; Fan et al., 2010) . This is further supported by their low Nb/La ratios, ranging from 0.19 to 0.40, and the samples with higher SiO 2 contents (w65 wt.%) and lower Mg# (w27) (e.g., dacites TR-35 and TR-41), which exhibit the lower Nd isotopic values (wÀ10.2). Available data show that, in the western Qinling orogenic belt, the Precambrian basement is poorly exposed and related geochemical data are scarce due to the Phanerozoic sedimentary coverage. Thus, the Wudangshan Group in the eastern Qinling orogenic belt, consisting mainly of the Neoproterozoic basalticedaciticerhyolitic and sedimentary rocks, are usually considered to have tectonic affinity with the Precambrian basement of the western Qinling orogenic belt (e.g., Ling et al., 2008 Ling et al., , 2010 Dong et al., 2017) . However, the Wudangshan volcanic rocks have wide SiO 2 variation ranging from 44 wt.% to 80 wt.% ) and 3 Nd (t ¼ 130 Ma) values from À2.7 to þ1.7. This indicates that the derivation of the Wudangshan Precambrian basement should have more complex rock-association and more depleted Nd isotopic composition, in contrast to those of the Laozanggou intermediate-acidic volcanic rocks. Magma mixing of mantle-and lower crust-derived melts can also be ruled out based on the SreNd modeling calculations. The Mesozoic ultramaficemafic rocks and diorites from the Jianzha, Xiekeng and Wumei areas in the western Qinling orogenic belt are believed to be derived from an enriched lithospheric mantle, and could be used as the mantle end-member for the Laozanggou intermediate-acidic volcanic samples. The Wudangshan Group is herein proposed as the representative of the crustal end-member. Our observations show that the mixing of the lithosphere-and crust-derived magmas have higher ( 87 Sr/ 86 Sr) i ratios, and lower
The magma mixing of lower crust-and upper crust-derived components is an alternative for producing the Laozanggou volcanic rocks. However, a simple mixing calculation yields an unrealistic mixing proportion up to 20%e40% for the western Qinling upper crust. As a result, the binary magma mixing model is rejected. (Fig. 8b) . Samples TR-49 and TR-50 have high La/Nb (2.5e2.8), Ba/Nb (37.1e46.7) and Zr/Nb (16.0e17.8) ratios and NbeTa and Ti negative anomalies (Fig. 8b) , similar to arc-like volcanic rocks (Stern, 2002) . The subduction-modified mantle wedge might be a plausible magma source for these volcanic rocks. However, there is no geological evidence for supporting the development of the early Cretaceous subduction event in the study area. In contrast, evidence shows that the oceanic subduction in the region ceased no later than the Triassic. Thus, the metasomatized mantle wedge might be ancient rather than newly-formed. The Mesoproterozoic Nd model ages for TR-49 and TR-50 also suggest that the source experienced LILE and LREE enrichment during an "older" metasomatic event. Available data show that the Guanzizhen maficintermediate igneous rocks in a western Qinling orogenic belt formed in a Late Cambrian to Early Ordovician island-arc setting and are characterized by the geochemical signatures of a depleted source (e.g., Pei et al., 2007; Dong et al., 2011a,b) . Such features suggest that the subduction-related metasomatism of the mantle source beneath the western Qinling orogenic belt should occur after the Early Ordovician. As a result, the enriched elemental and isotopic signatures for the Laozanggou volcanic rocks were most likely developed by the Triassic subduction/collision in the Qinling orogenic belt. In fact, the Triassic diorites from the Xiekeng, Jianzha and Wumei areas are considered to be derived from lithospheric mantle, highly-modified by subduction-related fluids/ melts, and are characterized by high LILE enrichment, HFSE depletion, enriched SreNd isotopic composition, and are geochemically similar to the Laozanggou volcanic sequence Li et al., 2014) .
Magma source nature
Magmas that originate from a slab-metasomatized source generally show high Sr contents and La/Yb ratios with depleted SreNd compositions, which contradict to our observation from the Laozanggou volcanic sequence. A more likely explanation is that their source is characterized by enriched lithosphere modified by the subduction e sediments with high ( 87 Sr/ 86 Sr) i ratios and low 3 Nd (t) values (e.g., Oxburgh and Turcotte, 1968) . Magma from a recycled sediment-modified source is commonly characterized by low Sr/Ce (<5) and Sr/Y ratios (e.g., Chauvel et al., 1995; Kapenda et al., 1998; Shimoda et al., 1998; Tatsumi, 2001 Tatsumi, , 2006 . Our samples have high Sr/Ce (>6) and Sr/Y ratios, indicating that the metasomatism of the sediment-derived melt was unlikely to be the dominant metasomatic agent. Instead, their high Ba/La and Rb/Sr ratios support the involvement of sediment-released fluid. Thus, the magma source of the Laozanggou volcanic rocks might be an enriched lithosphere previously (possibly in the Triassic) modified by the recycled sediment-derived fluid beneath the western Qinling orogenic belt. For the Laozanggou volcanic rocks, they could be generated as the result of (1) mantle-derived melt with crustal assimilation or assimilated fractional crystallization (AFC) processes; (2) partial melting of lower/middle continental crust; and (3) mixing of mantle-and crust-derived melts (e.g., Defant and Drummond, 1990; Foley, 1992; Rapp and Watson, 1995; Borg and Clynne, 1999; Fan et al., 2004) . As mentioned above, our data queries the possibility of case (2) and (3). Thus, the Laozanggou andesites and dacites are most likely the AFC products of primary magma represented by samples TR-49 and TR-50. Our modeling results, as shown in Fig. 9b , further indicate that the assimilation of 10%e15% crustal component is required to be added into the primary magma for balancing the elemental and SreNd isotopic signatures of the other Laozanggou volcanic samples.
Tectonic implication
Our geochronological and geochemical data indicate that the Laozanggou intermediate-acidic volcanic rocks from the Duofutun Group erupted at 128e131 Ma. These volcanic rocks have typical calc-alkaline geochemical characteristics and derived from a previously-modified enriched mantle. Available data show that the early Cretaceous (112e103 Ma) basaltic rocks from the adjacent Duofutun, Duohemao and Hongqiang areas belong to alkaline rocks and originated from asthenospheric mantle with the proportional input of a delaminated lithospheric component (e.g., Ding et al., 2013; Li et al., 2013b; Zhang et al., 2018) . Such geochemical change from w130 Ma andesitesedacites to w110 Ma basalts reflects a shift in the source from the enriched lithospheric to asthenospheric mantle. believed that this change of the mantle source from relatively shallow to deep level with time might be related to the lithosphere thinning in the intracontinental tectonic setting.
Question remains as to which petrogenetic mechanism triggered the lithospheric thinning for inducing the eruption of the early Cretaceous intracontinental volcanic rocks in the western Qinling orogenic belt. An upwelling mantle plume and its interaction with the lithosphere can provide the possibility for magma generation. However, our geochemical data from the early Cretaceous volcanic rocks argue against a plume-derived magma (Campbell, 2005; Elkins-Tanton, 2005; Campbell and Davies, 2006) . In addition, the Late Mesozoic hotspot track and related geological evidence are not obvious in the western Qinling orogenic belt.
Regional extension is another possible mechanism for inducing the lithospheric thinning to generate the Early Cretaceous volcanic rocks. In the Qinling orogenic belt, the orientation of regional extension changed from NWeSE in the early Cretaceous to NEeSW-in the late Cretaceous (e.g., Ratschbacher et al., 2003) . Dai et al. (2014) and Li et al. (2013b Li et al. ( , 2015 argued that the 101e112 Ma alkali basalts in the western Qinling orogenic belt were generated in a post-collisional setting in response to the lithospheric extension. The mafic dikes intruded along WeE trending intermontane basin in the western Qinling orogenic belt are dated at 107 AE 1 Ma and 103 AE 4 Ma (Craddock et al., 2012; Li et al., 2013a) , suggesting late Early Cretaceous (<110 Ma) intracontinental extension. However, our Laozanggou intermediate-acidic volcanic rocks erupted at w130 Ma, older than the time of the lithospheric thinning of the western Qinling orogenic belt.
The detachment of the lithospheric root (e.g., Hawkesworth et al., 1995; Molnar et al., 1998; Hoernle et al., 2006) might be an alternative model for the formation of the Laozanggou volcanic rocks in the western Qinling orogenic belt. This model requires a gravitationally unstable lithospheric mantle in response to the shortening of the continental lithosphere (e.g., Molnar et al., 1998; Schott et al., 2000) . During the late Jurassic to early Cretaceous (prior to the eruption of the Laozanggou volcanic rocks), the whole Qinling region underwent transpressive shortening, evidenced by the large scale of folding and faulting, and the angular unconformity between the upper Cretaceous and the underlying package Taylor and McLennan (1985) and Sun and McDonough (1989) , respectively. Data for OIB (Oceanic-island basalt) and E-MORB (enriched mid-ocean ridge basalt) are from Sun and McDonough (1989) .
(e.g., Qinghai BGMR, 1991; Dong et al., 2011a Li et al., 2013a; Wu et al., 2014; Dong and Santosh, 2016) . Following the late Jurassiceearly Cretaceous crustal shortening, the removal of the lithospheric root promotes asthenospheric upwelling resulting in tectonic reactivation and lithospheric thinning (e.g., Gao et al., 2004; Hoernle et al., 2006) . In such a situation, the uprising of lithospheric thermal boundary resulted in partial melting of the previously (possibly Triassic) subduction-modified enriched mantle to generate the early Cretaceous Laozanggou primary magma. Fractional crystallization of this magma along with assimilation of 10%e15% crustal materials resulted the Laozanggou intermediate-acidic volcanic rocks. This was followed by the generation of the asthenosphere-derived alkali basalts at w110 Ma in response to ongoing upwelling of the asthenospheric mantle.
